Mixing powders of GaCl3 and L12E (E = O, S, Se, Te) induces a spontaneous solid-state exothermic metathesis reaction generating LiGaC>2 and Ga2E3 (E = S, Se. Te).
Introduction
Gallium and indium chalcogenides have a huge array of commercial applications especially for the high technology microelectronics and semi-conductor industries 1 . A measure of their technological importance can be assessed by the number of diverse routes to these materials via conventional heat and grind techniques, MOCVD, plasma, modified sol-gel processes and single and dual source molecular precursors 2 " 5 . Recent work has included reactions of GaH3,
The metathetical reactions are invariably exothermic and can be initiated thermally or in some cases by friction with the co-produced alkali-metal halide salt accounting for up to 90% of the reaction enthalpy. Control of crystallinity in the products can be modified by use of an inert heat sink such as LiCl. Recently Kaner 9 has shown that gallium phosphide and arsenide can be made by thermal initiation of Gal3 with Na3P and Na3As.
In this paper we describe the synthesis of a range of gallium and indium chalcogenides via solid state metathesis reactions. Some of the reactions require simple mixing of the reagents and initiate without external aid.
Experimental
All reactions and reagent preparations were carried out under anaerobic conditions using either glove box or Schlenk line techniques. Glass ampoules were annealed prior to use and thoroughly flame dried under vacuum. Anhydrous GaCb, InCl·? and L12O were obtained from Aldrich Chemical Co. and used as supplied. All solvents were degassed with nitrogen; methanol was distilled from Mg/l2 and stored over 3Ä sieves. Lithium chalcogenides L12E
(E = S, Se, Te) and Li2(Eo.5, E0.5') (Ε, E' = S, Se; Se, Te) were made by combining the elements in liquid ammonia in the appropriate molar ratios, and allowing the ammonia to evaporate under a stream of nitrogen, once reaction had occured. Infra-red spectra were recorded on a Nicolet 205 (Csl) using KBr and Csl discs. X-ray powder diffraction (XRD) measurements were performed on a Siemens Diffractometer D5000 using nickel filtered CuK a (λ = 1.5406Ä) radiation. SEM profiles and energy dispersive X-ray analyses (EDXA) were obtained on a Jeol JSM 820 instrument using a Kevex detection and software system 10 .
EDXA was performed on various regions across the sample surface, using both area scans (at different magnifications) and point scans to determine regional homogeneity. Magnetic moments were determined using a Johnson Matthey balance. A Lenton Thermal Designs programmable tube furnace was used to initiate the reactions. Solid state 77 Se NMR studies were carried out at 57.26 MHz, using a high-speed magic-angle spinning (MAS) NMR probe. 77 Se MAS NMR spectra were recorded at spinning speeds of 13.34 KHz, with pulses of 0.9 ms and relaxation delays of 0.5 to 300 s. Chemical shifts were referenced to (CH3)2Se.
Microanalyses were determined by MEDAC Ltd, Brunei University.
Preparation of Gallium chalcogenides GajEs
Gallium trichloride (0.15g, 0.85 mmol) and L12E (1.27 mmol, Ε = Ο, S, Se, Te) were added sequentially to a glass ampoule. Gentle agitation of the ampoule induced an extremely exothermic reaction with sublimation of LiCl along the ampoule walls and formation of a fused
The gallium or indium chalcogenide species were purified by water or methanol trituration and characterised by SEM/EDXA, microanalysis, solid-state NMR, X-ray powder diffraction (Table 1 ) and FTIR.
The solid obtained from the aqueous or methanolic washings and the white solid that sublimed onto the ampoules walls during the reactions (Eqns., 1-2) was determined as LiCl by X-ray powder diffraction, EDXA and lithium flame test. The SEM profile of the gallium and indium chalcogenides showed a smooth surface prior to trituration corresponding to a LiCl coating while the EDXA showed indium or gallium chalcogenides and some chlorine. After trituration a porous surface consisting of micron size particles was observed with no chlorine detected by EDXA (1 % detection limit). A quantitative analysis of the M2E3 samples revealed a M:E ratio of 1:1.5 with a uniform surface morphology across the sample. In contrast to the reaction of GaCl3 and Na3P/Na3As 9 , the self initiation reaction involving GaCl3 and L12E proceeds smoothly without the formation of elemental species. Thorough intermixing of the reagents is limited by the spontaneity of the reaction; however it is likely that a molten flux containing liquid GaCl3 allows the reaction to proceed through the bulk of the solid.
The FTIR spectra of the gallium and indium chalcogenides corresponded with reference spectra 11 and indicated the absence of metal-chlorine stretching vibrations. All of the gallium and indium materials made in this study were diamagnetic.
Solid state 77 Se NMR of Ga2Se3 showed a single resonance at 825 ppm relative to (CH3)2Se.
This indicates the presence of only one environment for the selenium atoms in the cubic lattice.
Only one crystalline phase was detected for each reaction, with the crystallite size (as determined by the Scherrer equation 13 ) varying between 300-360Ä. Reaction of MCI3 with L12E produced the single phase M2E3; an exception was the reaction of GaCl3 and L12O, which resulted in the formation of LiGaC>2 and trace quantities of Ga203 (Eqn., 1). Initiation of this reaction was achieved at oven temperatures of 500°C, in contrast to the other reactions involving gallium trichloride. Powder XRD patterns obtained for GaCl3 self-initiation reactions and for the annealed products were identical.
X-ray powder diffraction data 12 for the triturated gallium and indium chalcogenides is summarised in Table 1 . 
Preparation of ternary compounds
Mixed-metal chalcogenides Ga 2 (E, E')3 and In 2 (E, E')3 (Ε, E' = S, Se; Se, Te) and metal mixed chalcogenides (Ga, In) 2 E3 (E = S, Se, Te) were prepared using the procedures outlined above. The products from the self initiation reactions involving GaCl3 were annealed at 500°C for 4hrs. For the preparation of metal-mixed chalcogenides, InCl3 and GaCl3 were mixed together prior to combining with Li 2 E, and the resulting mixture heated to 500°C.
Results and Discussion
Gentle agitation of a mixture of GaCb and Li 2 E produces crystalline Ga 2 E3 via an exothermic solid state metathesis reaction (Eqn, 2). Thermolysis (500°C) of InCl3 and Li 2 E produces 
(M = In; Ε = Ο) The products obtained from the reaction of MCI3 and L12E (E = Se, Te) were of the sphalerite The reaction of GaCla and L12E initiates at room temperature without an external energy input.
This phenomena has also been observed for reactions 15 Interestingly Kaner 9 has synthesised GaP by metathesis routes involving GaX3 (X = F, CI, I) and Na3P. The GaCl3 reaction self-initiated, while the fluoride and iodide reactions allowed for thorough intermixing of the precursors and the reaction initiated by an external heat source.
The crystallinity of the products (GaP less crystalline from the chloride reaction) was related to the difference in volatility of the gallium halides and that ignition reactions only have the heat generated from product formation, whereas sustained heating processes have an additional thermal input.
Mixed chalcogenide gallium and indium materials can also be synthesised by reaction of Li 2 (Eo. 5 , Eo. 5 ') (Ε, E' = S, Se; Se, Te) with MC1 3 (Table., 
Conclusions
Solid state metathesis reactions offer a rapid, high purity, low external energy, exothermic route to crystalline indium and gallium chalcogenides. It is likely that product formation occurs through a metathetical (simple ion exchange) pathway, since no redox chemistry involving Ga 3+ or In 3+ to lower oxidation states was observed.
